Introduction
Some types of legume seeds are used as vegetables, and others are used as supplementary sources of protein in animal diets (Savage, 1988) . The widespread use of legumes makes this food group an important source of lipid and fatty acids (FAs) in animal and human nutrition. Several reviews dealing with the total lipid and FA composition of legume seeds have been published (Welch and Griffiths, 1984; Grela and Gunter, 1995) . Some types of beans are used as staple foods in many countries (Ciftci et al., 2011) and are of increasing interest for their preventive properties against coronary heart disease ( Anderson et al., 1984; Bazzano et al., 2001) . In Japan, pulses such as lentils (Lens culinaris Medikus), faba beans (Lathyrus sativus L.), broad beans (Vicia faba L.), chickpeas (Cicer arietinum L.) and peas (Pisum sativum L.) have been cultivated since ancient times. Recently, sword (Jack) beans have received significant attention because of their high nutraceutical and phytopharmaceutical effects, such as anti-oxidant, anti-inflammatory, and anti-cancer effects (Nair et al., 2004; Comalada et al., 2005) . The Jack bean (Canavalia (C.) gladiata DC., called "natamame" in Japanese) is cultivated as a vegetable in Asian countries. The seeds of C. gladiata exhibit antiemetic and demulcent effects, and are used to stop hiccups in Chinese traditional medicine (Sridha and Seena, 2006) . Gibberellins (Tamura et al., 1967) , an amino acid (Schlucter and Bordas, 1972) , and an enzyme (Akedo et al., 1972) have been reported as chemical constituents of Jack bean. The composition of the total FAs is often the only information provided from studies on bean lipids.
To the best of our knowledge, no detailed data are available regarding the lipid components and FA distributions of Jack beans. Therefore, the main objective of this study was to increase our knowledge of the composition of Jack bean lipids with respect to their FA profiles, as well as of the molecular species of triacylglycerols (TAG). The data obtained will provide useful information to consumers, and to producers manufacturing Jack bean foods. pan) was used at high speed for 10 min at 0℃. The ground material was extracted three times with 200 mL chloroform/ methanol (2:1, v/v), as per the Folch procedure (Folch et al., 1957) . The chloroform/methanol mixture contained 0.01% butylated hydroxytoluene (BHT) to inhibit oxidative degradation of lipids during analysis. The homogenate was vacuum-filtered through defatted filter paper on a Buchner funnel, then the filtrates were combined and dried in a rotary vacuum evaporator at 35℃. The residue was dissolved in 100 mL of chloroform/methanol (2:1, v/v), then 20 mL aqueous potassium chloride (0.75%) was added (Folch et al., 1957) and the phases were mixed vigorously. After phase separation, the chloroform layer was collected, dried over anhydrous sodium sulfate, filtered, then the filtrate was concentrated under vacuum in a rotary evaporator at 35℃. The extracted lipids were weighed to determine the lipid content of the beans, then transferred to a 25-mL brown glass volumetric flask with chloroform/methanol (2:1, v/v) and kept under nitrogen at −20℃ until analyzed.
Lipid analysis Total lipids were fractionated by TLC into nine fractions using a previously described method (Yoshida et al., 2010a) . Bands corresponding to HC, SE, TAG, unknown, FFA, 1,3-DAG, 1,2-DAG, MAG and PL were scraped into separate test-tubes [105 × 16 mm; poly (tetrafluoroethylene)-coated screw caps]. Methyl pentadecanoate (10 − 100 μg) from a standard solution (5 mg/ mL) was added to each tube as the internal standard using a microsyringe (Hamilton Co., Reno, NV, USA), with the exception that pentadecane (10 μg) was used as the internal standard for HC analysis. FAMEs were prepared from the isolated lipids by heating with silica gel for 30 min at 80℃ in BF 3 /methanol on an aluminum block (Kitts et al., 2004) . After cooling, 5 mL of n-hexane was added to each tube and washed several times with deionized water to remove the silica gel and BF 3 . The n-hexane layer containing the FAMEs was recovered and dried over anhydrous sodium sulfate. The solvent was then vaporized under a gentle stream of nitrogen and the residue was quantified using a gas chromatograph (GC: Shimadzu Model-14B, Kyoto, Japan) equipped with a hydrogen flame ionization detector (FID) and a polar capillary column (ULBO HE-SS-10 for FAME fused silica WCOT [serial no. PSC5481], cyanopropyl silicone, 30 m × 0.32 mm i.d.; Shinwa Chem. Ind., Ltd., Kyoto, Japan).
Helium was used as the carrier gas at a flow rate of 1.5 mL/min, and the GC was operated under a constant pressure of 180 kPa. The injection and detector temperatures were held at 230 and 250℃, respectively. The oven temperature was programmed from an initial temperature of 180℃ (held for 2 min), increased to 200℃ at a rate of 2℃/min, then held isothermally (200℃) for 15 min. All samples were dissolved
Materials and Methods
Jack beans Commercially available mature Jack beans (Canavalia gladiata DC.) used in this study were white and red beans grown in Gifu Prefecture, Japan, during the summer of 2010. The beans were selected for uniformity based on a seed weight of 2090.0 − 2105.3 mg for white and 1849.6 − 1865.0 mg for red. The beans were hand-selected to remove cracked or otherwise damaged beans. Beans of each cultivar were packed in polyethylene bags under nitrogen gas and stored in stainless steel containers at 4℃ prior to being used in experiments.
Reagents and standards All chemicals and solvents used were of analytical grade (Wako Pure Chemical Inc., Osaka, Japan), except diethyl ether, which was further purified to remove peroxides. Thin-layer chromatography (TLC) pre-coated silica gel 60 plates (10 × 20 or 20 × 20 cm, 0.25 mm layer thickness) were purchased from Merck (Darmstadt, Germany). The TLC standard mixture, containing monoacylglycerols (MAG), diacylglycerols (DAG), free fatty acids (FFA), triacylglycerols (TAG), stearyl esters (SE) and hydrocarbons (HC), was purchased from Nacalai Tesuque (Kyoto, Japan). Standard TAG (glyceryl trimyristate, glyceryl tripalmitate, glyceryl tristearate, glyceryl trioleate, glyceryl trilinoleate and glyceryl trilinolenate) was obtained from SigmaAldrich Co. (St. Louis, MO, USA). A phospholipid (PL) kit from the Serdary Research Laboratory (Mississauga, ON, Canada) was used as the PL standard.
Lipase from porcine pancreas was purchased from Sigma-Aldrich Co. and used after purification with acetone and diethyl ether, as described previously (Yoshida and Alexander, 1983 ). Glycerol-sn-1,3-myristate-sn-2-oleate (SigmaAldrich Co.) was used as the TAG standard for enzymatic hydrolysis. FA methyl ester (FAME) standards (F & OR mixture #3) were procured from Altech-Applied Science (State College, PA, USA). The internal standards, pentadecane and methyl pentadecanoate, were purchased from Merck; 100 mg of each was dissolved in n-hexane (20 mL). Boron trifluoride (BF 3 ) in methanol (14%; Wako Pure Chemical Inc.) was used to prepare the FAMEs.
Chemical analysis The methods described in AOAC (1997) were used to determine the chemical composition of the beans. Samples were analyzed in triplicate for fat, protein and moisture content according to the standard methods. Extraction of lipids To obtain a fine flour, beans (200 g) were crushed, ground, and passed through a 0.5 mm sieve. A Maxim homogenizer (Nihonseiki Kaisha Ltd Tokyo, Ja-species from total TAGs was carried out by silver nitrate/ silica gel TLC according to a previously published method (Bilky et al., 1991) . Briefly, plates were coated to a thickness of 0.25 mm with a slurry of 45 g silica gel 60 G (Merck) and 9.0 g AgNO 3 dissolved in 100 mL deionized water. Freshly prepared plates were activated at 120 − 125℃ for 12 h, then stored in the dark in a desiccator before use. TAG classes differing in the degree of unsaturation were separated by AgNO 3 -TLC using 1.2 − 3.0% (v/v) methanol in chloroform (Jham et al., 2005) . In the case of Jack bean TAG, three solvents of increasing polarity were required to separate the lipid classes. The plates (20 × 20 cm) were streaked with 10 to 15 mg TAG using a microsyringe. The first TAG molecular species, including S 3 , S 2 M, S 2 D, SM 2 , M 3 and SMD (where S, M, and D denote saturated FA, monoene, and diene, respectively) were easily separated by developing the plate with 1.2% (v/v) methanol in chloroform. The second TAG molecular species, such as S 2 T, SD 2 , SMT, M 2 D, MD 2 and SDT (where T denotes triene) were separated by developing the plate with 2.5% (v/v) methanol in chloroform. The most difficult TAGs to separate were D 3 , MDT, MT 2 , D 2 T, DT 2 and T 3 ; these were separated by developing the plate using 3.2% (v/v) methanol in chloroform. It was very important to use a small sample size (15 mg/TLC) to obtain good separation. The separation conditions were adjusted according to the humidity and temperature.
Individual TAG bands were detected by spraying the plate with 0.1% 2',7'-dichlorofluorescein (Nacalai Tesuque) in methanol and viewing under ultraviolet light (254 or 365 mm). Each TAG subfraction was identified by comparing its R f -value to that of the TAG standard. Each band was recovered from the plate by extraction with 3.0% aqueous HCl in purified diethyl ether. The combined diethyl ether extracts were purified by alumina column chromatography (30 × 5.0 mm i.d., alumina column; Biomedical, Eschwege, Germany) to remove 2',7'-dichlorofluorescein. In preliminary repeated experiments using TAG standards, it was confirmed that each TAG class was fully recovered (> 98.0%) from the alumina column by this procedure.
The solvent was vaporized in small glass tubes under a gentle stream of nitrogen. A standard solution of methyl pentadecanoate (10 − 50 μg; 2 − 10 μL; 5 mg/mL) was added to each tube as the internal standard. After preparation of the methyl esters of FAs from the TAG subfractions, the FAMEs were quantified by GC as described above, and the relative amount of each FAME was compared among the TAG subfractions.
Statistical analyses The data in this study were expressed as means ± SD for at least three independent experiments. Differences between the means of individual groups in n-hexane and an aliquot (2 − 5 μL) was injected using a microsyringe. The component peaks were identified and compared to those of the FAME standard using an electronic integrator (Shimadzu C-R4A). The detection limit was 0.05 wt-% of total FA for each FAME in the FAME mixture, and the results were expressed as wt-% of total FAMEs. The other GC conditions were as previously reported (Yoshida et al., 2010a) .
Samples of the extracted polar lipids, obtained as described above, were further separated by TLC into several fractions using chloroform/methanol/acetic acid/deionized water (170:30:20:7, by volume) as the mobile phase. PL classes were detected using iodine vapor and were consistent with authentic standards. Bands corresponding to diphosphatidyl glycerol (DPG), phosphatidyl ethanoamine (PE), phosphatidyl glycerol (PG), phosphatidyl choline (PC), phosphatidyl inositol (PI) and other bands were carefully scraped into individual test-tubes. Methyl pentadecanoate standard solution (5 μL) was added to each tube as the internal standard. FAMEs were prepared by the same method as described above and analyzed by GC.
The substitution of FA at the sn-2 position of TAG was determined using the method developed by Yoshida and Alexander (1983) . The TAG prepared from total lipids was hydrolyzed with porcine pancreatic lipase, a lipase selective for the sn-1,3 position. The lipolysis products were separated on TLC plates using petroleum ether/diethyl ether/acetic acid (60:40:1, by volume) as the mobile phase. The band corresponding to sn-2 MAG was scraped into a test-tube and FAMEs were prepared for GC analysis as described above.
TAG analysis The TAG isolated by TLC was directly analyzed by GC according to a previously described method (Molkentin, 2007 ) using a Shimadzu Model-14A GC equipped with a hydrogen FID . A glass column (500 × 3.0 mm i.d.; Shimadzu, Kyoto, Japan) packed with 2.0 wt-% OV-17 (phenyl methyl silicone; Nishio Co., Tokyo, Japan) supported on 80/100 mesh silanized Shimalite W was used. Helium was used as the carrier gas at a flow rate of 50 mL/min. The injection and detection port temperatures were set at 320 and 350℃, respectively. The oven temperature was programmed to increase from an initial temperature of 285℃ (held for 5 min) to 320℃ at a rate of 2℃/min, and then held isothermally (320℃) for 10 min. All samples were dissolved in n-hexane and an aliquot (5 μL) was injected using a microsyringe. TAG peaks were identified by co-chromatography with known standards. Peak areas were calculated by the addition of a known weight (50 μg) of glycerol trimyristate (Sigma Chem. Co.) as the internal standard, using an electronic integrator (Shimadzu C-R6A).
TAG species composition The separation of molecular mainly of oleic acid, followed by linoleic, α-linolenic and palmitoleic acids) contained 77.4-78.7% of the total lipids, 76.1-76.4% of the total PL and 75.6-76.1% of the total TAG. It is noteworthy that oleic acid (18:1n-9) was predominantly (46.4-50.9%) concentrated in these lipid classes. Some differences (P < 0.05) in FA composition were observed when the total lipids, TAG and PL were compared. With a few exceptions, the percentage of palmitic acid (16:0) was significantly (P < 0.05) higher in the PLs (22.4 − 22.6 %), while that of linoleic (18:2n-6) was higher (P < 0.05) in the total lipids (22.2 − 22.8 %) and PLs (21.2 − 22.3 %) comwere assessed by one-way analysis of variance and Tukey's multiple range test using the SAS statistical software package (SAS, Cary, NC). Differences were considered significant at p < 0.05.
Results and Discussion
Lipid components of the beans The major chemical components were as follows: moisture 3.5 − 3.7%, fat 2.1 − 2.2%, and protein 23.7 − 24.5%. There were no significant differences (P > 0.05) between the two cultivars. The content of total lipids in the beans (100 g) was 1677 ± 42 mg for white and 1829 ± 46 mg for red. Profiles of the different lipid classes in the beans were compared between the two cultivars (Table 1 ). Predominant components were PL (46.7 − 47.0%) and TAG (43.8 − 45.7%); other components were detected at a concentration of 0.3 − 2.7% (data not shown). Jack beans are not oil seeds but rather typical vegetable seeds (Mabaleha and Yeboah, 2004) . The PL content is quite significant, whereas glycolipids are present only in trace amounts, indicating that PLs are the principal components of the cell membranes in the beans (Mazliak, 1977) . To clarify the distribution of individual PLs in Jack beans, the PL fraction was further separated into several fractions (DPG, PE, PG, PC, PI, and others) on TLC in the presence of authentic standards. The profiles of DPG, PE, PG, PC, and PI were compared for the two cultivars. Table 2 shows the profiles of PL components of the two types of Jack beans. The original amounts of each PL were approximately 371 − 372 mg (43.2 − 47.5%), 191 − 228 mg (24.3 − 26.5%), and 143 − 194 mg (18.2 − 22.5%) per 100 g of beans for PC, PI and PE, respectively. Other compounds (4.3 − 5.0%) include minor phospholipid components such as phosphatidic acid, lyso-PE and lyso-PC. The amount of PC was not significantly different in the two types of beans, while the amount of PE and PI was significantly (P < 0.05) lower in white beans compared to red beans. It is generally accepted that these PLs are the essential components of cell membranes in plants. Since membrane lipids are involved in fundamental cell processes such as ion transport, energy generation and biological reactions, they are highly conserved in terms of both quantity and quality (Alvarez-Ortega et al., 1997) .
FA Composition of major lipid components of the beans FA compositions (expressed in terms of esters by weight) of major lipid components of the beans are shown in Table  3 . The principal FA components of Jack beans are palmitic (16:0), stearic (18:0), oleic (18:1n-9), linoleic (18:2n-6) and α-linolenic (18:3n-3) acids, the distribution of which varies according to lipid class. However, the FA distribution patterns for the total lipids, TAG and PL, were very similar for the two cultivars. The total unsaturated FAs (which consisted − 8.2%) and stearic (18:0; 2.7 − 2.8%) acids. Oleic (18:1n-9) was predominantly (64.9 − 65.1%) concentrated at the sn-2 position of TAG molecules, while saturated FA such as palmitic (16:0) and stearic (18:0) acids were primarily located at the sn-1,3 position (28.6 − 28.7% and 4.1 − 4.2%, respectively). No significant difference (P > 0.05) was measured in FA distribution between the two cultivars. However, the FA distribution was significantly (P < 0.05) different between positions on the backbone glycerol compared to results obtained from other plant seed lipids such as from kidney beans (Mabaleha and Yeboa, 2004) and peas (Yoshida et al., 2007) . However, oleic (18:1n-9) is almost evenly distributed amongst the sn-1, 2 and 3 positions, corroborating the results reported previously (Reske et al., 1997) . Table 4 shows the distribution patterns of FA in the DPG, PE, PG, pared to the TAG (16.2 − 16.4 %). However, the percentage of α-linolenic (18:3n-3) was significantly (P < 0.05) higher in the total lipids (7.5 − 7.6 %) and TAG (8.1 − 8.2 %) compared to the PLs (3.5 − 3.7 %). The data for FA distributions of minor lipid components, such as SE, FFA, 1,3-and 1,2-DAG, and MAG are not shown in Table 3 because these acyl lipids are present in too low concentrations to provide reliable results for their FA distributions. Their FA distribution will be studied in our laboratory in the future.
FA distribution of the major PLs of the beans
Positional distribution of FA within TAG of the beans Our preliminary work on the positional distribution of FA on the glycerol backbone was done using pancreatic lipase (Yoshida et al., 1983) . The profiles of the composition and distribution of FA in TAG were compared in the two cultivars (Table 3) . The major components were palmitic (16:0; 19.5 − 19.6%), oleic (18:1n-9; 49.2 − 49.8%), and linoleic (18:2n-6; 16.2 − 16.4%) acids, followed by α-linolenic (18:3n-3; 8.1
Characteristics of Lipids in Jack Beans (Canavalia gladiata) Distribution of TAG molecular species Total carbon number (TCN) in the acyl-chain within TAG of the two cultivars ranged from 46 to 56, as listed in Fig. 1 . For example, for tristearin, the TCN is 54. Each value is the mean of triplicate determinations and is expressed as milligrams lipid per 100 g of beans. Dominant components were 52 (32.2 − 32.3%) and 54 (62.0 − 62.2%) TAG, followed by small amounts of 50 (4.5 − 4.6%), 56 (0.5 − 0.6%) and 48 (0.4 − 0.5%) TAG.
The FA compositions of the individual bands isolated by AgNO 3 -TLC were determined by GC; the distribution patterns of the individual TAG molecular species are shown in Fig. 2 . Eighteen different molecular species were detected among TAG isolated from these Jack beans. These molecular species were arranged according to the degree of unsaturation on the acyl chain of the TAG (from top to bottom in Fig.  2 ). In the two cultivars, the dominant TAG species were M 3 (OOO), followed by SM 2 (POO or StOO), S 2 D (PPL or PStL or StStL), MD 2 (OLL), S 2 T (PPLn or PStLn or StStLn), M 2 D (OOL), S 2 M (PPO or PStO or StStO), SMD (POL or StOL), PC, and PI between the two cultivars. The major FA in the five PLs was palmitic (16:0), oleic (18:1n-9) and linoleic (18:2n-6) acids. With a few exceptions, these FA profiles were very similar in the major individual PLs in the two cultivars. Comparison of the FA profiles in the five PLs between the two cultivars showed that the percentage of oleic (18:1n-9) acid was significantly (P < 0.05) higher in PC (65.4 − 66.3%) than in other PLs (30.2 − 53.8%), while the percentage of palmitic (16:0) was significantly (P < 0.05) higher in PI (44.8 − 45.6%) than in PG (34.9 − 35.2%), DPG or PE (24.2 − 24.5%) and . With a few exceptions (PG, 23.4 − 24.1%; PC, 13.8 − 14.0%), the percentage of linoleic (18:2n-6) was similar among DPG, PE and PI (18.7 − 19.0%, 18.2 − 18.3% and 16.5 − 17.0%, respectively). However, PI was unique in that it had the highest saturated FA content (48.0 − 48.9%) among the five PLs, although its pattern was very similar in the two cultivars.
The FA distribution in PI differed significantly (P < 0.05) from that of PE or PC among the two cultivars, presumably owing to differences in their biosynthetic pathway (Vogel and Browse, 1996) . The results may reflect differences in the PL compositions between white and red beans, as shown in Table 2 . These FA profiles are different from results obtained from typical vegetable seeds, such as kidney beans (Mabaleha et al., 2004) and broad beans . S3  S2M  SM2  S2D  M3  SMD  S2T  M2D  SD2  SMT  MD2  SDT  M2T  D3  MDT  ST2  MT2  D2T   Red   S3  S2M  SM2  S2D  M3  SMD  S2T  M2D  SD2  SMT  MD2  SDT  M2T  D3  MDT  ST2  MT2 S3  S2M  SM2  S2D  M3  SMD  S2T  M2D  SD2  SMT  MD2  SDT  M2T  D3  MDT  ST2  MT2  D2T   Red   S3  S2M  SM2  S2D  M3  SMD  S2T  M2D  SD2  SMT  MD2  SDT  M2T  D3  MDT  ST2  MT2  D2T   Red   S3  S2M  SM2  S2D  M3  SMD  S2T  M2D  SD2  SMT  MD2  SDT  M2T  D3  MDT  ST2  MT2 
